INTRODUCTION
Although dietary supplementation of high levels of Cu is a common practice in the United States swine industry (Ewan, 1986) , the mechanism for Cu-stimulated growth is not well understood (Bowland, 1991) . Pigs fed high peratures (Harp and Huhnke, 1992) were maintained. The care and treatment of pigs followed published guidelines (Consortium, 1988) .
A 20% crude protein maize-soyabean meal-dried whey basal diet (Table 1 ) was formulated to meet or exceed the National Research Council recommended nutrient requirements (NRC, 1988) . Experimental diets were prepared by substituting maize in the basal diet with appropriate levels and copper sulphate or cobalt chloride (Sigma Chemical Co., St. Louis, MO, USA). Pigs were given free access to feed and water during the adjustment and experimental periods.
In experiment 1,96 weanling pigs (mean body weight of 8.2 kg) were randomly assigned into six treatments from outcome groups based on weight and gender. Littermates were balanced across treatments as much as possible. A 2 x 3 factorial arrangement of treatments was employed using two levels of Cu (15 and 280 mg/kg) and three levels of added Co (0, 150 and 300 mg/kg).
Blood samples were collected via vena cava puncture at the start and at the end of the experiment. During the 35-d experiment, pigs were weighed and feed intake was recorded every week. At the end of the experiment, 24 pigs (four from each treatment) were randomly chosen and killed by electrocution and exsanguination. Whole brain, liver, and both kidneys were collected and stored at -20°C for later analysis of mineral concentrations.
In experiment 2, 96 crossbred pigs (mean BW of 7.2 kg) were randomly assigned to the same dietary treatment arrangement as used in experiment 1. Twenty-four pigs (four pigs per treatment) were killed at d 14 and another 24 pigs were killed at d 28. Body weights were taken and blood samples were taken every week. Brain, liver, and kidney were collected and frozen at -20°C for later mineral analysis. 
Mineral analysis
Serum samples were diluted with distilled water and the Cu concentration was measured using a flame atomic absorption spectrophotometer (Perkin Elmer 5100, Corwalk, CT, USA). Whole organs were homogenized with an Osterizer blender. Samples of the homogenates were wet digested using nitric acid and perchloric acid (AOAC, 1990) . Mineral (Cu, Co, Zn and Fe) concentrations were measured by flame atomic absorption spectrophotometry. Certified mineral reference solutions (Fisher Scientific, Fair Lawn, NJ, USA) were used as standards. Dry matter contents of tissue homogenates were also determined (AOAC, 1990) . Tissue mineral concentrations are expressed on a dry matter basis.
Statistical analysis
Data were analyzed using the GLM procedures of SAS (1988) . Pen means were treated as experimental units for analyzing performance data, while individual pigs were used as experimental units for analyzing mineral data. The initial model included Cu level, Co level, Cu x Co interaction, gender and replicates. Gender effects were not significant and thus subsequently removed from the model. Dose response of pig performance to Co was tested in terms of linear and quadratic effects, using orthogonal polynomial tests. Orthogonal polynomial constans were calculated according to Cady and Fuller (1968) .
RESULTS

Serum copper concentration
Serum Cu concentration was increased by Cu feeding in both experiments (Table 2 ). In experiment 1, Co influenced the serum Cu concentration in a quadratic manner (P<0.05), i.e. 150 mg/kg dietary Co elevated Cu concentration whereas 300 mg/kg dietary Co decreased Cu concentration. In experiment 2, the quadratic Co effect was significant (P^0.05) only at d 14. The magnitude of this quadratic effect was much greater for pigs fed high Cu diets during all periods with a Cu level x Co level interaction (P<0.05) observed at only d 14 in experiment 2.
Tissue mineral concentrations
Copper feeding increased (P<0.05) the concentration of Cu in the brain (Table 3) 
Growth performance
In experiment 1, high levels of dietary Cu stimulated (P^0.05) growth during d 1 to 7 (Table 6 ). This occurred through an increase (P ^ 0.05) in both daily feed intake (ADFI) and gain per feed (GF). No significant Cu x Co interaction in average daily gain (ADG) was found, which indicates that the stimulation of growth was not influenced by Co. During d 1 to 7, Co supplementation linearly decreased ADG at both Cu levels (P^0.05). ADFI and GF were not influenced by Co treatments. During d 8 to 28, no significant effect of dietary treatments was observed, but during d 29 to 35, both Co and Cu decreased growth rate (P<0.05). Overall (d 1 to 35), the addition of high levels of dietary Cu did not influence growth performance, whereas dietary Co linearly decreased (P<0.05) growth rate, which was a result of numerical reductions in ADFI and GF.
In experiment 2, when Co was not supplemented, Cu numerically improved ADG and ADFI during d 1 to 14, but not during d 15 to 28, when Co was not supplemented (compare data column 1 and 4 in Table 6 ). Dietary Co linearly decreased (P ^ 0.05) ADG and ADFI regardless of dietary Cu levels. GF was also reduced (P < 0.05) by Co treatment, which indicates that the reduced growth rate was due to a decreased feed intake and reduced feed efficiency. Copper seems to increase the slope of the linear effect of Co. In other words, Cu decreased the growth rate by enhancing the growth inhibitory action of Co (Cu x Co interaction, Ps$0.08).
DISCUSSION
Copper-cobalt interaction and mineral metabolism
The interaction between Cu and Co had not been well studied until recently (Rosenberg and Kappas, 1989a, b) . The unique ability of Co to increase Cu excretion was observed when Rosenberg and Kappas (1989a) were studying the interaction between Co and a number of metals including Cu. A subcutaneous injection of Co induced a rapid urinary excretion of Cu in rats (within 24 h). A 20% reduction in the Cu concentration of the liver was observed 6 d after Co injection. Our experiments with pigs, however, suggest that Co feeding does not reduce liver Cu accumulation even in long term studies. In fact, in our experiments, Co tended to increase liver Cu deposition, either linearly or quadratically. Cobalt also failed to reduce brain Cu deposition. Rosenberg and Kappas (1989b) observed that Cu deposition in the kidney was reduced approximately 30% three days after an injection of Co. In our experiments, Co feeding also resulted in a large reduction in kidney Cu concentration (approximately 50% in pigs fed 280 mg/kg dietary Cu), which confirmed a tissue specific Cu x Co antagonism in pigs.
Excessive liver and brain Cu depositions are involved in the pathogenesis of Wilson's disease (Owen, 1981; Wilson, 1982) . Inorganic Co was being evaluated as an agent for treating Wilson's desease (Rosenberg and Kappas, 1989b) . The failure of Co in pigs to reduce liver or brain Cu deposition raises a doubt about the therapeutic value of inorganic Co, unless humans react differently from pigs. Nevertheless, the unique organ and species specific interaction between Cu and Co is rather interesting.
The major effect of the high level of Cu on liver Co deposition appears to be the prevention of the accumulation of Co when pigs were fed the highest level of dietary Co (300 mg/kg). Because only two levels of dietary Cu were used in our experiments, it is difficult to draw a clear conclusion on the nature of this interaction. Some other minerals are also possibly antagonistic to Co. Iron has been reported to reduce Co absorption in rats (Thomson et al., 1971a,b) . A combination of high dietary Fe, Mn, and Zn reduced Co deposition in kidney and liver and alleviated Co toxicity in pigs (Huck and Clawson, 1976) . However, the effect of individual minerals on tissue Co in pigs was not studied in that experiment. Rosenberg and Kappas (1989b) found that Co injection produced a dose dependent elevation of liver Zn in rats. This increase was due to the synthesis of liver metallothionein which binds Zn and increases liver Zn concentration. However, our results show that a high dietary level of Co either had no effect on, or reduced liver Zn levels in pigs. This discrepancy might be due to different routes of administration, i.e., oral administration vs. subcutaneous injections. One important site where mineral antagonism occurs is in intestinal absorption (Wapnir, 1990) . It is speculated that dietary Co may interfere with Zn absorption. Even though liver metallothionein synthesis might be induced by Co feeding, Zn storage would still be depleted because of a lower absorption rate or supply of Zn. This is analogous to the Cu x Zn antagonism where Cu feeding reduced liver Zn levels (Hedges and Kornegay, 1973) ; while Cu injection increased liver Zn storage (Zhou et al., 1994) .
The effect of Co on liver Fe storage was studied by Huck and Clawson (1976) who found that dietary supplementation of Co significantly reduced Fe storage in pigs. Our results generally support this conclusion.
Growth performance
Statistically significant Cu-stimulated growth was only seen in the first week of experiment 1. In experiment 2, when the two groups receiving no Co supplementation were compared, the high Cu group had numerically improved performance compared with the low Cu group during the first 14 d. Copper-stimulated growth disappeared in the following weeks. The short term growth stimulation was probably due to an excessive level of dietary Cu. Because diets containing 280 mg/kg of Cu (upon analysis of feed) were used rather than 250 mg/kg commonly used in swine production, it was possible that pigs accumulated too much Cu and marginal Cu toxicity might have developed after the first week. Similarly, Kornegay et al. (1989) found that 400 mg/kg of dietary Cu stimulated the growth of pigs in the first week and the growth stimulation disappeared in the subsequent weeks, presumably because of Cu toxicity.
The growth retardation in pigs by high levels of Co was due to a combination of a decline in feed consumption and feed efficiency, which is consistent with findings of Huck and Clawson (1976) . In the study of Huck and Clawson (1976) , 200 mg/kg of dietary Co was found to have no detrimental effect on pigs. Based on their report, NRC (1980) recommended 200 mg/kg as the tolerance level of dietary Co for pigs. In contrast, our results showed that 150 mg/kg of Co significantly reduced growth rate, suggesting that tolerance level may be lower than 150 mg/kg for weanling pigs.
Growth performance data from our two experiments were not conclusive on the nature of the interactions between Cu and Co. In experiment 1, the Cu x Co interaction was not significant. In experiment 2, Co linearly depressed ADG of pigs fed both levels of Cu; however, the slope of this linear depression was much greater for pigs fed the high level of Cu. It seems that Cu aggravated the growth depression by Co. This difference may be due to a variable response of pigs to Co. More animals are needed to define clearly the growth response to Cu and Co supplementation.
CONCLUSION
Contrary to previous reports with rats, Co seemed to be ineffective for preventing brain and liver Cu deposition for pigs. The therapeutic value of Co for treating Wilson's disease in humans needs to be further evaluated. In addition, our data suggest that the maximal Co tolerance level for weanling pigs (approximately 8 kg BW) should be lower than 150 mg/kg diet.
